Introduction
Volatile components in seaweeds are released into the seawater. The volatiles play important roles as chemical communications in marine ecosystems. The compounds act as pheromones 1 , chemical defenses such as deterrence against herbivores 2 5 , inhibition of bacterial and fungal fouling 6 8 , and suppression of competing neighbors 9 . We investigated the pheromone-mediated mating process in brown algae Dictyopteris spp during sexual reproduction and elucidated the mechanistic pathway for the biosynthesis of characteristic volatiles 10, 11 . In the green alga Bryopsis maxima, one major volatile component was released by a mechanical wounding, the target compound was identified as 8-heptadecene 12 . It was suggested that the hydrocarbon act as an allelochemical. We demonstrated that long-chain aldehydes C15, C17 are formed from fatty acids through the formation of the corresponding 2-hydroperoxy acids in the green alga Ulva pertusa, and that these hydropeoxides exist in a variety of marine algae 13 15 .
We also found that short-chain aldehydes C6, C9 and middle-chain aldehydes C10 are formed from fatty acids C20 in marine algae, whereas they are formed from C18 in higher plants 16 18 .
On the other hand, the marine aroma components in essential oils EOs from seaweeds are useful for flavors in foods and fragrances in cosmetics. The hydrocarbons and their oxygenated compounds in brown algae Dictyopteris spp, which act as pheromones, possess a ocean like 6Z,9Z,12Z,15Z -1,6,9,12,15-Henicosapentaene was also detected as a minor polyene in the EOs. The volatile polyenes showed a subtly dried wakame like aroma. It was suggested that these polyenes contribute to the characteristic aroma of the dried wakame. The henicosahexaene was first isolated from brown alga Fucus vesiculosus in 1971 21 , then the polyenes were reported for the volatile components in brown and red algae and diatoms 22 27 .
However, the exact composition and their roles of volatile polyenes in marine algae have remained unknown, because the polyenes were little interested in the EOs from marine algae. Furthermore, attempts to identify the position and geometry of the double bonds in the polyenes by using MS spectra and the NIST library have not been successful.
In the intertidal zone of Japan, a variety of seaweeds, green, brown and red algae, are widely distributed. The brown alga Sargassum thunbergii is very popular in the temperate coastal waters throughout Japan and grows on underwater rocks in winter to spring to form a seaweed forest. The brown alga S. thunbergii contains alginate, mannitol, polyphenols and other useful compounds. In order to explore for a novel marine aroma from seaweeds, we have analyzed the EOs from the brown alga by the SDE method, and detected 6Z,9Z,12Z,15Z,18Z -1,6,9,12, 15,18-henicosahexaene and 6Z,9Z,12Z,15Z -1,6,9, 12,15-henicosapentaene as minor aroma components. Interestingly, the related polyenes of henicosahexaene and henicosapentaene were also found as relatively major components in the EOs. Thus, the aim of this study was to isolate and determine the structures of the related polyenes and to identify the composition of polyenes in the EOs by synthetic standards.
Materials and methods

General procedure
All reactions were monitored by TLC carried out on 0.25mm E. Merck silica gel plates 60 F 254 . IR spectra were measured with a Nicolet FT-IR spectrometer. NMR spectra were recorded on Bruker AVANCE 400 spectrometer at 400 MHz for 1 H and 100 MHz for 13 C. Chemical shifts were determined by using TMS or the residual solvent peak in CDCl 3 δ 7.26 for 1 H and the peak for CDCl 3 δ 77.0 for 13 C as the internal references, respectively. MS spectra were measured with Shimadzu QP 5050A GC-MS.
Materials
The brown alga Sargassum thunbergii was collected in Aio bay in Yamaguchi prefecture, Japan in December, 2015. The alga samples were stored at 20 until use. 2-Propyn-1-ol and trimethylsilylacetylene were purchased from Kanto Chemical Co. Tokyo, Japan . 2-Pentyn-1-ol was purchased from Tokyo Chemical Industry Co. Tokyo, Japan . 1-Heptyne was purchased from Sigma-Aldrich Co.
Tokyo, Japan . All other chemicals and solvents were commercially of the highest grade.
Preparation of essential oil from
Sargassum thunbergii An essential oil of S. thunbergii was prepared by a simultaneous distillation extraction SDE method. The frozen sample 200 g was homogenized with distilled water 200 mL and then immediately subjected to the SDE apparatus for 2 hours with pentane-dichloromethane 2:1 v/v, 150 mL as an extraction solvent. The extract was dried over anhydrous Na 2 SO 4 and concentrated in vacuo 700-293 mmHg at 30 . The total amount of essential oil five times was 25.7 mg in 2. 6 10 3 yield. The essential oil was kept under N 2 at 25 until use.
GC-MS analysis of essential oil from
Sargassum thunbergii The volatile components of the essential oil from S. thunbergii were analyzed by GC-MS with a DB-WAX column 0.25 mm i.d. 60 m . The oven temperature was programmed from 40 5 min to 230 50 min at a rate of 2 /min. The injection port and ionizing source were kept at 240 and 230 respectively. Helium was the carrier gas at the flow rate of 1.5 mL/min. The oil sample 1 μL was injected into the GC-MS, with the split ratio of the injector at 1:10. Ionization voltage was 70 eV.
Purification of polyenes in the essential oil from
Sargassum thunbergii The essential oil 25.7 mg from S. thunbergii was purified by preparative TLC with pentane as an eluent solvent to afford colorless oils of polyene I 1.8 mg and of polyene II 0.9 mg , respectively. The isolated compounds were assigned by GC-MS and NMR spectra. THP ether 5 6.6 g, 47.0 mmol was added to a solution of 1M EtMgBr solution 50.0 ml, 50.0 mmol in THF at 10 , and the mixture was stirred for 1 hour at 65 . After added CuI 40.0 mg, 0.2 mmol at room temperature, the mixture was stirred for 10 min, and then bromide 4 6.4 g, 53.0 mmol was added. After stirring for 5 hours at 65 , the reaction mixture was carefully poured into a cooled saturated NH 4 Cl solution. The mixture was extracted with ether, and washed with saturated NaHCO 3 solution and brine. After drying over Na 2 SO 4 , the extract was concentrated in vacuo. The concentrate was purified by column chromatography to give THP ether 7 6.5 g, 69.7 as a colorless oil. 1 6 .84 g, 49.5 mmol , CuI 6.28 g, 33 mmol and NaI 7.42 g, 49.5 mmol in DMF 40 mL . After added bromide 6 8.0 g, 54.0 mmol , the reaction mixture was stirred for 5 hours at room temperature. The reaction mixture was filtrated with celite and washed with ether. The filtrate was washed with saturated NH 4 Cl solution, water and brine. After drying over Na 2 SO 4 , the extract was concentrated in vacuo. Then, the concentrate was added to a 5 w/w PTS-MeOH solution 90 mL , the reaction mixture was stirred for 20 hours at room temperature. After removed MeOH, the residue was diluted with ether. The mixture was washed with saturated NaHCO 3 solution and brine. After drying over Na 2 SO 4 , the extract was concentrated in vacuo. A solution of 1M PBr 3 10 mL, 10.0 mmol in ether was slowly dropped to alcohol 10 3.8 g, 25.0 mmol in ether 10 mL containing a catalytic amount of pyridine below 10 . After stirring for 3 hours at room temperature, the reaction mixture was poured into an ice-water. The mixture was extracted with ether, and washed with saturated NaHCO 3 solution and brine. After drying over Na 2 SO 4 , the extract was concentrated in vacuo. 
Results and discussion
Essential oils EOs of the brown alga Sargassum thunbergii prepared by a simultaneous distillation extraction SDE method were obtained in 2. 6 10 3 yield. Figure  1 shows TIC of the EOs from the brown alga S. thunbergii. Four kinds of volatile polyenes were detected in the EOs by GC-MS analysis. Among of these, the MS spectra of two major volatile polyenes I and II were very similar with those of henicosahexaene and henicosapentaene. However, 6Z,9Z,12Z,15Z,18Z -1,6,9,12,15,18-henicosahexaene and 6Z,9Z,12Z,15Z -1,6,9,12,15-henicosapentaene were determined on the other ion signals in the EOs by comparison with the GC-MS and NMR spectra of synthetics. These polyenes with a terminal double bond were found as major aroma components in the EOs from dried wakame Undaria pinnatifida by the SDE method 20 . From these results, the volatile polyenes I and II were appeared to be their isomers of henicosahexaene and henicosapentaene. In order to identify the structures of related polyenes of henicosahexaene and henicosapentaene, the EOs were purified by a preparative TLC to afford polyene I and II, respectively. The compound I was characterized by a molecular ion M at m/z 284 by GC-MS Fig. 1 . The compound I was not contained in a set of vinyl protons, while twelve olefinic protons, five bisallylic methylene protons of pentadienyl structure, two adjacent methylene protons of double bonds and two methyl protons were estimated by 1 H-NMR.
The proton signals of double bonds in the compound I indicated a polyene structure with 1,4-skipped dienes. 13 C-NMR spectrum of the compound I showed only ten carbon signals, which identified by a DEPT experiment as six olefinic carbons, three methylene carbons and one methyl carbon, although the whole skeletal structure estimated as 21 carbons. The carbon signals of the compound I suggested a plane of symmetry in the polyene structure. Furthermore, the H-H COSY and HMBC spectra observed the correlation of the terminal methyl with the 1,4-skipped diene structures. Thus, the major polyene I in the EOs from the brown alga was proposed as 3,6,9,12,15,18-henicosahexaene. On the other hand, the other compound II in the EOs was characterized by a molecular ion M at m/z 286 by GC-MS Fig. 1 . The compound II was not also observed in the vinyl protons, while ten olefinic protons, four bisallylic methylene protons, two adjacent methylene protons of double bonds, three methylene protons and two methyl protons were estimated by 1 H-NMR. 13 C-NMR spectrum of the compound II showed no signals of vinyl carbons, although the amount of sample was too low to confirm the whole skeletal carbons. From these results, the other polyene II was proposed as 3,6,9,12,15-henicosapentaene. It was proposed that these related polyenes of henicosahexaene and henicosapentaene in the EOs from the brown alga have no the terminal double bond. In the previous reports, one type of polyenes with the terminal double bond such as 1,6,9,12,15,18-henicosahexaene and 1,6,9,12,15-henicosapentaene was commonly detected in brown and red algae 21 27 , while the other type of polyenes with their saturated terminal structures was found in green algae 22, 28 .
In order to confirm the positions and their geometries of double bonds in the proposed polyenes and to clarify the two types of polyenes with the terminal double bond and with the saturated structure, we attempted to synthesize the polyenes with the saturated structure such as 3,6,9,12,15,18-henicosahexaene and 3,6,9,12,15-henicosapentaene, regio-and stereo-selectively. Synthesis of 3,6,9,12,15,18-henicosahexaene I is summarized in Scheme 1. The skipped dienes can be constructed by the Grignard or Jeffery coupling. Thus, 2-pentyn-1-ol 1 was treated with PBr 3 to afford bromide 4. In addition, the hydroxyl group of 1 was protected with DHP to afford THP ether 5 29, 30 . Coupling of THP ether 5 with bromide 4 by employing the Grignard reagent in THF gave 2,5-hexadiynyloxy-THP 7 19 .
Treatment of 2-pentyn-1-ol 2 with PBr 3 afforded bromide 6. Jeffery coupling of THP ether 7 with bromide 6 in DMF and subsequently deprotection of the THP group with PTS in MeOH gave undecatriyn-1-ol 8 It is difficult to specify the position and geometry of the double bonds in the polyenes by using the MS spectra and the libraries, because of their similar fragment patterns and retention indexes. However, these synthetics can serve as standards for identifying the polyenes in the EOs.
Then, we tried to determine the structures for the related polyenes I and II in the TIC of EOs from the brown alga S. thunbergii. The volatile polyene I obtained from the EOs was compared with the synthetic henicosahexaene by GC-MS and NMR spectra. The retention time and the NMR spectra of polyene I from the EOs were exactly coin- 21 28 .
Although Blumer, M. et al. reported that the polyenes with the saturated terminal structures were found in the brown algae in 1971, after their reexaminations by MS, GC, UV and IR in 1973, they mentioned that the polyenes with the terminal double bond are common to all brown algae, while the saturated terminal structures occur in green algae 35 . In this study, both the types of polyenes were found in the EOs from the brown alga. We therefore indicated that the polyenes with the terminal saturated structure can be existed not only in the green algae but also in the brown and red algae. Although the volatile polyenes can be biosynthesized by decarboxylation of the corresponding fatty acids, no immediately apparent precursors of the polyenes are known in marine algae. We proposed docosapentaenoic acid as a precursor of henicosahexaene with terminal double bond in dried wakame but lacked any C22 polyunsaturated fatty acids in the lipids. These results suggested the elongation of fatty acids such as octadecatetraenoic acid or icosapentaenoic acid followed by decarboxylation to produce the polyenes in the dried wakame 20 . For the biosynthesis of the polyenes, a unique enzymatic reaction seems to be required to form the terminal double bond after decarboxylation of the elongated polyunsaturated fatty acids. On the other hand, the polyenes with the saturated terminal structure were also detected in the EOs from the brown alga S. thunbergii. However, the biosynthesis of the polyenes derived by selectively reducing a carboxy group of the fatty acids remained unclear. Thus, we are currently investigating the mechanistic pathway for the biogeneration of both the types of polyenes.
In conclusion, these findings showed that the polyenes in the EOs from the brown alga S. thunbergii were determined as volatile components by GC-MS, isolation and synthesis. Synthesis of the proposed polyenes provided more detailed information about the two types of polyenes with the terminal double bond and with the saturated terminal structure. It was interesting that both the types of polyenes are existed in the EOs of the brown algae S. thunbergii. This work will focus attention on a new insight into the chemotaxonomy in marine algae.
